Metal-free catalysis was successfully applied to polymerize -pentadecalactone (PDL) by ring-opening polymerization (ROP) using several amino-ended initiators, namely hexylamine, allylamine and O, O′-bis(3-aminopropyl)diethylene glycol. This polymerization method was suitable to prepare telechelic polyesters carrying functional-end groups. The technique was then extended to the synthesis of block copolymers by ROP of PDL using bisamino-ended poly(ethylene glycol) (M n =2600) as macroinitiator. PPDL x -PEG 56 -PPDL x triblock copolymers with M n ranging between ~4000 and ~90000 g·mol -1 were synthesized and extensively characterized by NMR, DSC, TGA and XRD. The amphiphilic copolymers thus produced were demonstrated to be able to self-assemble in nanoparticles with average diameters of ~100-200 nm and morphologies highly depending on blocks lengths.
Introduction
Aliphatic polyesters are biodegradable polymers with a great potential as materials to be used in temporary applications, particularly in biomedicine [1] . Macrolactones are easily accessible compounds that may be exploited for the production of polyesters by entropically-driven ring-opening polymerization (ROP) [2] . Polyesters from macrolactones are distinguished by displaying thermal and mechanical properties close to polyethylene while maintaining certain degree of biodegradability [3] . The interest for macrolactonesbased polyesters has largely increased in these last decades, not only because their singular properties but also due to the sustainability of newly appearing macrolactones that are synthesized from renewable resources [4] .
The increasing demand for polymers free of metal-contaminants to be used as biomaterials has motivated that organic catalysts including enzymes are receiving great attention nowadays in the synthesis of polyesters [5] . In this regards, supported Candida antarctica Lipase B immobilized on Lewatit VP OC (CALB), commercialized as Novozyme 435, has been used with great efficiency for the ROP of macrolactones, in particular for ω-pentadecalactone (PDL) [3, 6] providing a synthetic route greener than the traditional ones based on the use of organometallic catalyst [7, 8] . In addition, higher efficient processes of synthesis based on low-cost enzymes have been recently reported [9] . On the other hand, the use of organo-catalysts is another interesting approach that is gaining recognition in the synthesis of polyesters [10, 11] . Thus (1,5,7-triazabicyclo[4.4 .0]dec-5-ene), known as TBD, is a powerful nucleophile able to efficiently catalyze esterification reactions and that is widely recognized as an extremely active catalyst for the ROP of macrolactones [11, 12] .
Nucleophiles are the common species initiating the ROP of lactones, and a good number of both medium-and large-size lactones have been successfully polymerized by this method using alcohols as initiators [13] [14] [15] [16] . By contrast, the ROP of lactones initiated by amines has been scarcely explored in spite that their greater electron-releasing capability makes them particularly effective for such purpose. In fact, the information presently available for the ROP of lactones initiated by amino-ended compounds is scarce and limited almost exclusively to medium-size rings [17] [18] [19] [20] [21] . As far as we know, no papers reporting the homopolymerization or copolymerization of macrolactones initiated by amines, either primary or secondary, amino acids, peptides or amino-terminated oligomers, are found in the accessible literature. Nevertheless, polymerization of either strained lactones (-caprolactone or lactides) or strainless lactones (large-ring size >9) initiated by primary amines could not differ appreciably from that initiated by alcohols. The use of amines as initiators will be then well justified when amino-ended compounds are desired to be jointed to the final polyesters, as it is for example the case of block copolymers made of polypeptides.
Telechelic polymers bearing end groups able to take part in polymerization reactions are interesting building blocks for the preparation of polymers with relatively complex chemical structures such as block copolymers and network polymers [22, 23] .
Poly(ethylene glycol) (PEG) and its derivatives are well-known hydrophilic polymers with a great presence in both chemical and biological fields. Amphiphilic copolymers based on telechelic PEG are on the focus of numerous investigations addressed to the development of copolymer designs spontaneously generated by self-assembly and suitable for applications as drug delivery systems (DDS) [24, 25] . PEG copolymers exhibiting amphiphilic behavior are common and a good number of them are based on the ROP of medium-size lactones initiated by the hydroxyl-end groups of PEG [26] [27] [28] [29] . On the contrary, only a few reports on the copolymerization of PEG with PDL have been published so far, and none dealing with amine-initiated ROP reactions. Recently Hadjichristidis et al., [16] have described PEG-b-PPDL diblock copolymers obtained by ROP of PDL initiated by PEG and catalyzed by phosphazene superbases but the properties of these copolymers were not examined.
In this work, we exploit the advantages of organo-catalysts and enzymes to prepare telechelic polyesters using amino-ended compounds as initiators for the ROP of PDL. On the basis of these exploratory results, commercial bisamino-ended poly(ethylene glycol) (NH 2 -PEG 56 -NH 2 ) was then used as a bisfunctional macroinitiator for the polymerization of PDL to render amphiphilic PPDL x -PEG 56 -PPDL x triblock copolymers avoiding the concourse of metallic compounds. These novel copolymers have been extensively characterized, their thermal properties evaluated, and their ability to form nanoparticles has been brought into evidence.
Experimental part

Materials
All chemicals, except otherwise stated, were purchased from Aldrich Chemical Co.
Toluene was freshly distilled and kept on 3 Å molecular sieves. Hexylamine (HexA), O,O′- Real time X-ray diffraction studies were carried out using X-ray synchrotron radiation at the BL11 beamline (non-crystalline diffraction (NCD)), at ALBA (Cerdanyola del Vallés, Barcelona, Spain). Spectra were recorded for powder samples subjected to heatingcooling cycles at rates of 10 o C min -1 . The energy employed corresponded to a radiation of 0.10 nm wavelength, and spectra were calibrated with Cr 2 O 3 . Scanning electron microscopy images were taken with a field-emission JEOL JSM-7001F instrument or a Zeiss Auriga instrument operating at 5 kV (CITIUS Service, University of Sevilla), from platinum/palladium coated samples from both platinum/palladium coated and uncoated samples. Dynamic light scattering (DLS) measurements used for particle hydrodynamic size and -potential determinations were performed with the Brookhaven NanoBrook, particle/protein size and zeta potential analyzer (Brookhaven Instruments Corporation, USA) with particles suspended in deionized water. For CALB mediated polymerization, the amine used as initiator was dissolved in dry toluene (5 mL) and the solution poured into the reaction flask, which was then transferred to an oil-bath at 100 ºC, and the calculated amount of PDL immediately added. When TBD was used, the required amounts of amine and PDL were added simultaneously to the catalyst, the flask was sealed, and the mixture was magnetically stirred at 100 ºC for the scheduled period of time. In both cases, aliquots were withdrawn at scheduled times and dissolved in CDCl 3 to be subjected to 1 H NMR analysis in order to follow the reaction progress. As soon as conversion remained unchanged, the reaction was stopped by cooling. For removing the enzyme, the toluene was evaporated, the residue dispersed in chloroform, and CALB filtered off. The polymer was then precipitated by pouring the filtrate in cold methanol. For polymerizations catalyzed by TBD, the crude reaction mass was dissolved in chloroform and precipitated in cold methanol. Irrespective of the catalyst used, the polymer was recovered by filtration and dried at room temperature under vacuum before characterization.
Synthesis of PPDL-PEG-PPDL triblock copolymers
For the reactions carried out by enzymatic catalysis, the amount of CALB used was 20% (w/w) respect to monomer. For polymerizations catalyzed by TBD, the amount of catalyst added was previously optimized to attain the highest conversion of PDL. The general procedure was as follows: CALB or TBD was introduced in a round-bottom flask provided with a magnetic stirrer which was then placed in a desiccator at 50 ºC for 16 h.
When CALB was used, a solution of PEG (M n ≈ 2,600) in dry toluene was added to the flask, which was transferred to an oil-bath at 100 ºC. Then, PDL was added and the solution magnetically stirred for at least 4 h. When TBD was the catalyst of choice, the required amounts of PEG and PDL were added into the flask, which was then sealed and heated at 100 0 C under magnetic stirring for 12 h. In all cases aliquots of the reaction mixture were withdrawn and analyzed by 1 H NMR in order to assess the advance of the polymerization reaction. For removing CALB, the toluene was evaporated under vacuum, the residue was re-dissolved in an excess of chloroform, and the enzyme was removed by filtration. The filtrate was then concentrated and precipitated in an excess of cold methanol. For polymerizations using TBD, the crude reaction mass was dissolved in chloroform and the solution precipitated in an excess of methanol. Regardless of the catalyst chosen, the copolymer was collected by filtration and dried in vacuum before characterization.
Preparation of nanoparticles
Nanoparticles were prepared by the oil-in-water single emulsion technique with minor modifications. Specifically, 10 mg of PPDL x PEG 56 PPDL x copolymer were dissolved in 2 mL of methylene chloride and the solution added to 10 mL of 5% (w/w) PVA aqueous solution. The mixture was sonicated for 15 s three times to yield a homogeneous oil-inwater emulsion. This emulsion was immediately poured into 10 mL of the 0.3% PVA solution, and the mixture was magnetically stirred in an open beaker at room temperature for 3 h. Nanoparticles were formed along with the gradual evaporation of methylene chloride. The nanoparticles were collected by centrifugation at 11000 g for 15 min and washed three times with distilled water. 
Results and discussion
ROP of -pentadecalactone
The route used for the synthesis of PPDL and PPDL x PEG 56 PPDL x using CALB or TBD catalysts is depicted in Scheme 1, and results obtained in the homopolymerization of PDL under different conditions are compared In Table 1 .
Scheme 1. ROP of -pentadecalactone with either CALB or TBD as catalyst and amino-ended compounds as initiators by the three amino-ended nucleophiles under study (entries 6, 7 and 8) are shown in Fig.   1 . These amines acted as initiators in the polymerization of PDL and remained therefore incorporated in the growing polymer chain [30] . In every case a signal appeared at 2.15 ppm which is indicative of the presence of the amide group generated by the nucleophilic attack of the amine to the carboxylate group of PDL with subsequent ring opening and polymerization initiation. Additional signals could be detected at 3.37 ppm and 3.25 ppm when HexA and A-DEG-A were used as initiators (signal a in spectra A and B, respectively). Such quadruplet signals arise from the -methylene protons of the amide group and their presence confirmed the incorporation of the amino-compounds into the polymer chain. Conversely, this signal appeared at 3.9 ppm in the spectrum of the PDDL initiated by AllA (signal a in spectrum C) as a consequence of the deshielding effect provoked by the presence of the adjacent double bond. On the other hand, characteristic signals arising from the polyester are shared by PPDL regardless the nucleophile used.
Triplets at 3.64 ppm and 4.05 ppm corresponding to protons of ended-chain CH 2 OH and COOCH 2 , respectively, were present in all spectra. A quantification of the areas of these signals allowed estimating the number-average molecular weights of the resulting PPDL, which varied between ~2000 and ~20000 g·mol -1 showing a large dependence on the reaction conditions used. A comparison of the conversion, yield and M n values given in Table 1 led to conclude the following: a) ROP of PDL was not feasible in the absence of initiator (entry 1), b) the influence of initiator on results was small as far as CALB was used as catalyst (entries 6-9), and c) the best results were attained in the ROP initiated by 1 mol-% DEG and catalyzed by 5 mol-% TBD relative to the amount of used monomer (entry 5 A preliminary thermal characterization of PPDLs obtained by amine-initiated ROP was carried out by TGA and DSC. TGA thermograms of PPDLs synthesized using each different nucleophile are compared in Fig. 2a . The thermal decomposition process started above 300 ºC and happened in one step with the maximum decomposition rate at ~425 ºC regardless the initiator used. Essentially the same behavior was observed for the three cases with small differences being within the limits of experimental errors. Reaction conditions and results obtained for every case are collected in Table 2 .
Acceptable yield values were attained in all cases (>70%) and according to the copolymer compositions, loses of product are due to incomplete reaction of PDL. Such a defect in the reactivity of the macrolactone was more pronounced when the polymerization was catalyzed by TBD. Table 2 and found to be consistent with the block lengths calculated by area quantification of signals specifically arising from PEG and PPDL blocks. It should be noticed that no signals arising from the aminopropyl groups of the bisamino-ended PEG used as macroinitiator were detected in the 1 H NMR spectra of the reaction product before purification, which is taken as indicative that all amine groups were active at initiating ROP of PDL (Fig. S4) .On the other hand, the absence of homopolyester PPDL was ascertained by comparing 1 H NMR signals arising from end CH 2 OH, HNCOCH 2 and CH 2 O, which gave the same number of protons for the all three (Fig. S5) . Similar results were obtained for the analysis of PPDL prepared by short amine initiation (Fig. S6) . Table 2 ). Superscripts I and L refer to signals arising from the first and last repeating units of the polyester chain, respectively.
Thermal properties of PPDL x PEG 56 PPDL x triblock copolymers
The triblock copolymers synthesized by the two procedures were comparatively examined by TGA and DSC with the purpose of assessing their thermal behavior as a function of both the length of the PPDL blocks and the method used for their synthesis.
The thermal parameters obtained from these assays are collected in Table 3 . The TGA traces recorded from the copolymers and the two homopolymers as well as their derivative curves are shown in Fig. 4 .
The high thermal stability of PEG and PPDL homopolymers is a well-known fact [3, 31] . Both compounds start to undergone perceivable decomposition well above 350 ºC and their decomposition in bulk happens in two stages at temperatures between 400 ºC and 500 ºC leaving insignificant amounts of remaining weight. As it is shown in Table 3 , are compared, it is noticed that onset temperatures are slightly higher for the copolymers prepared by enzymatic ROP, and that in general all decomposition temperatures are closer to those of PPDL. The first observation is rather reasonable since the catalyst remaining in the copolyesters is expected to enhance the starting decomposition of the polymer. On the contrary, the stronger influence of the PDL blocks on the thermal stability of the copolymers compare to the EG blocks is not readily explainable and a more detailed study of the decomposition mechanism is needed to account for such difference. 
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The DSC study carried out on the PPDL x PEG 56 PPDL x copolymers included the analysis of the melting-crystallization process taking place at heating, cooling and reheating. Traces registered for the two copolymers series are compared in Fig. 5 and the T m and T c values observed for each one of them together with their associated enthalpies are listed in Table 3 . Apparently, the PDL's block is crystallized in all copolymers whichever is the composition. "As synthesized" samples melted in the 90-95 ºC with values showing no significant differences between the two series but slightly increasing in each of them with the length of the polyester block. Also the melting enthalpies measured for the copolymers increased monotonically with the content in PDL as expected, but it was striking to observe that values are greater than those for the PPDL homopolyester when they are referred to the weight fraction of PDL in the copolymer. It seems therefore that the PEG segment operates as a crystallization hastener probably due to self-assembling effect that is exerted on the whole copolymer in concomitance with phase separation.
Additionally a plasticizing effect of PEG could be invoked to explain the high crystallinity found in these copolymers. Crystallization upon cooling from the melt was found to take place in all cases at supercoolings below 10 ºC which are values significantly lower than that required for the recrystallization of the homopolyester (16 ºC). The crystallizability of the copolymers as a function of their composition was assessed by isothermal crystallization. For this purpose PPDL and copolymers samples were heated in the DSC up to 200 ºC, then rapidly cooled down to 84 ºC, and finally left to crystallize at this temperature. The advance of the crystallization process was followed by measuring the increasing in the enthalpy along time. The curves resulting from the representation of the relative crystallinity against crystallization time are compared in Fig. 6 for the two series and the kinetic parameters determined by applying the Avrami approach for each copolymer and PPDL are listed in Table 3 . It is apparent that the PPDL segments crystallized faster when they were dangling from the PEG, and that such effect is even more pronounced in the copolymers synthesized in the presence of the organic catalyst than in those obtained with CALB. The POM micrographs obtained from films of copolyesters crystallized under the same conditions that were used for the kinetic analysis (insets of Fig. 6 ) revealed an axialite-like texture in both cases but with bigger size and less profusion of individual entities in the former case. These findings are in line with the differences detected in the melting-crystallization and corroborated the occurrence of heterogeneous crystallization in the TBD synthesized copolymer. Avrami parameters are in partial agreement with such observations. Half crystallization times are in fact much lower for the organo-catalyzed copolymers whereas no significant differences in n between the two series where noticed.
The crystalline structure generated upon crystallization of PPDL x PEG 56 PPDL x was investigated by XRD at variable temperature by using synchrotron radiation. All the copolymers showed at room temperature a couple of well-resolved sharp peaks in the WAXS region corresponding to 0.41 and 0.37 nm Bragg spacings (Fig. 7) . These are identified as the interplanar spacings characteristic of the PPDL rhombic lattice, [3, [32] [33] [34] and their presence brings into evidence that the PPDL segments are similarly crystallized in the copolyesters whichever is their composition. As expected, both peaks vanished when the copolymers were heated at their melting temperature to reappear upon cooling to reproduce almost exactly the initial pattern. According to the results obtained by DSC, the amount of PEG that is crystallized must be small. In fact no peak arising from PEG was detectable in the XRD profiles of the copolymers except in those containing the shortest PPDL blocks. In these cases a weak peak became detectable at 0.46 nm that disappeared at temperatures around 50-60 ºC and that was unable to recover upon cooling (Fig. 7c) . 
Nanoparticles formation and characterization
The PPDL x PEG 56 PPDL x triblock copolymers are amphiphilic chains consisting of an inner hydrophilic segment of around 20 nm in length and two outer hydrophobic segments of variable length ranging from about 25 nm for x = 12 up to about 400 nm for x = 191. Since the PEG segment in the solid state is likely to be in non-regular conformation, and that PPDL must be crystallized in folded lamellae with a more or less defined thickness (presumably in the 5-30 nm range), the copolymers are expected to be arranged in an amphiphilic nanostructure with the PEG (amorphous and hydrophilic) and PPDL (crystalline and hydrophobic) phases sharply segregated one from the other. Since no peak was detected in the SAXS region of the XRD profiles recorded from these copolymers it is interpreted that such structure is made of globular PEG amorphous aggregates surrounded by a continuous phase of semicrystalline PPDL. The size and mutual distribution of the two phases will be determined by the x value.
A different behavior could be however expected for the copolymers when they are compelled to form small particles in an aqueous environment given the strong affinity of PEG for water. The preparation of nanoparticles (NPs) from the PPDL x PEG 56 PPDL x copolyesters was carried out by the solvent evaporation method with dichloromethane as organic solvent. The copolymer series made by enzymatic copolymerization was the material of choice because a greener synthesis route was used in this case. The size and -potential measured for the resulting NPs for the three copolymers under study are given in Table 4 , and a selected assortment of TEM micrographs are shown in Fig. 8 . 
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The DSC analysis of the NP's demonstrated that the polyester blocks are crystallized in these entities in a similar manner as it happens in the powder but the crystallinity attained is much lower depending on copolymer composition (see Fig. S10 and Table S1 of the ESI file relative to the amount that is crystallized in the powder.
It is tempting to try relating the differences in shape and behavior exhibited by the NP's in aqueous suspension with the composition of the copolymers given the influence of the block length on crystallinity and the low T g values displayed by both PEG and PPDL.
The soft behavior and consequent low shape definition and tendency to form unspecific aggregates that is displayed by PPDL 16 PEG 56 PPDL 16 NPs is thought to be due to the rubbery nature of these particles in which the molar fraction of EG units is almost twofold that of PDL and crystallinity is almost negligible. Conversely the good dispersion and almond-like shape exhibited by PPDL 191 PEG 56 PPDL 191 NPs is consistent with the presence of a considerable crystallinity and small content in PEG, which will be segregated out from the polyester core, as expected, but that is insufficient to cover the whole surface of the nanoparticle. NPs made of PPDL 46 PEG 56 PPDL 46 , despite showing a good mutual affinity, they keep inalterable their identity and display a satisfactory rounded shape. In this case, PPDL is extensively crystallized in the inner part of the NP so that PEG is segregated out to create an homogeneus water-like surface. Nevertheless, the amorphous polymer fraction in these NP must be considerable as it inferred from the polygonal contour exhibited when they are closely packed to each other.
Conclusions
In this paper it is reported for the first time the synthesis of polymacrolactones by ROP using amino-initiators and avoiding the concourse of organo-metallic catalysts. This approach is very suitable to prepare telechelic PE-like polyesters bearing diverse functional-end groups which can be then used for further extensive reaction. In this work, the methodology has been applied to the preparation of amphiphilic triblock copolyesters (PPDL-PEG-PPDL) made of a central block of PEG and two dangling blocks of PPDL.
Copolymerization was performed by ROP of PDL initiated by amino-ended PEG and using either TBD or CALB catalysis with similar synthesis results. The length of the polyester blocks could be precisely controlled by adjusting the PEG/PDL ratio. Thermal properties and crystalline structure of the copolymers were found to be depending on the PEG/PDL ratio but differences between the two copolymer series were not significant. Strikingly the crystallizability of the PPDL in the copolymers was enhanced compared to that of the homopolyester and this effect was more pronounced for the copolymer series prepared with TBD as catalyst. Nanoparticles with 100-200 nm diameter could be prepared from the enzymatically-synthesized copolyesters bringing into evidence their self-assembling capacity. The green route followed for the preparation of the PPDL-PEG-PPDL triblock copolyesters, their largely expected biodegradability and good cytocompatibility, and their capacity to form structured nanoparticles make these copolyesters materials of exceptional interest for the design of drug delivery systems. 
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